Abstract-This paper describes and evaluates an intelligent wheelchair, adapted for users with cognitive disabilities and mobility impairment. The study focuses on patients with cerebral palsy, one of the most common disorders affecting muscle control and coordination, thereby impairing movement. The wheelchair concept is an assistive device that allows the user to select arbitrary local destinations through a tactile screen interface. The device incorporates an automatic navigation system that drives the vehicle, avoiding obstacles even in unknown and dynamic scenarios. It provides the user with a high degree of autonomy, independent from a particular environment, i.e., not restricted to predefined conditions. To evaluate the rehabilitation device, a study was carried out with four subjects with cognitive impairments, between 11 and 16 years of age. They were first trained so as to get acquainted with the tactile interface and then were recruited to drive the wheelchair. Based on the experience with the subjects, an extensive evaluation of the intelligent wheelchair was provided from two perspectives: 1) based on the technical performance of the entire system and its components and 2) based on the behavior of the user (execution analysis, activity analysis, and competence analysis). The results indicated that the intelligent wheelchair effectively provided mobility and autonomy to the target population.
I. INTRODUCTION

E
LECTRICALLY powered wheelchairs have been recognized as a primary mobility aid for the elderly as well as the physically impaired [1] . A survey on the adequacy of electric wheelchairs [2] shows that, according to clinicians, 40% of users have difficulties in steering and maneuvering in daily life environments. These scenarios include situations in which the maneuvering space is limited, the approach to furniture and objects is tightly constrained, and the necessity to pass through doorways requires precise control. The survey also shows that conventional navigation with joysticks can cause fatigue during long operational periods. Clinicians pointed out that approximately 50% of the users that are unable to control a powered wheelchair by conventional methods would benefit from automated navigation systems. In this context, intelligent wheelchairs are especially suitable for users with severe motor and/or cognitive impairments, who experience difficulties in driving standard powered wheelchairs [3] . The motivation behind these wheelchairs is to facilitate assistance in mobility in order to accomplish complex navigational tasks.
In many cases, motor disabilities come associated with cognitive and sensorial impairment (e.g., cerebral ischemia). Moreover, cognitive disabilities can lead to driving/navigational problems even when motor impairments are not severe. For users with cognitive disabilities, the survey in [2] shows that 91% of the clinicians believe that these robotic wheelchairs with automated navigation systems can be useful at least for a few users, and 23% believe the systems can be useful for many of them. It has also been pointed out that powered mobility can have tremendous positive psycho-social effects on users. In addition to independence and self-esteem, the possibility of enhanced self-locomotion provided by a wheelchair also has special beneficial effects in regard to the development and rehabilitation of children with disabilities [4] . A more recent study [5] analyzed the potential user population for smart wheelchairs, including those with autonomous navigation capabilities. They argued that a large number of wheelchair users can benefit from this type of wheelchairs. Although research has been carried out in the area of intelligent wheelchairs (see [3] , [6] - [8] for reviews), very little recent work has been devoted to understand the applicability of this technology for users with cognitive disabilities [9] , [10] .
This paper describes an intelligent wheelchair, adapted for users with cognitive disabilities, as well as presents a field study to evaluate the wheelchair. The study focuses on users with cerebral palsy, one of the most common disorders that affects muscle control and coordination impairing movement.
The paper is organized as follows. Section II presents the methods used in the study, which include 1) the design of the intelligent wheelchair (i.e., the wheelchair platform, the user interface and the intelligent navigation system), 2) the selection of the participants, 3) the design of the experiments, and 4) the definition of the evaluation metrics. Section III analyzes the results based on the previous set of metrics. Section IV presents the conclusions of the study.
II. METHODS
A. Intelligent Wheelchair
The starting point is a commercial electric wheelchair that complies with the basic ergonomic requirements and also with the mobility of the users. The wheelchair is equipped with the computational, sensory, and control resources required to implement the full system architecture. Two Intel 800-Mhz computers are installed on board; one for low-level control (real-time operative system, VxWorks) and the other to run the navigation system and user interface (Windows). This computer also manages the input/output devices (sound and tactile VGA screen). Both computers are connected to RS-232 and Ethernet. The low-level computer controls the rear wheels, working in a differential-drive mode. The main sensor is a SICK LMS200 planar laser, placed at the front part of the vehicle, at a height of 0.75 m. The laser operates at 5 Hz, with a 180 field-of-view and a 0.5 resolution (361 points). This sensor provides information about the obstacles in front of the vehicle. The wheelchair is also equipped with wheel encoders (odometry), and a wireless Ethernet card that allows connecting the vehicle to a local network during operation.
B. User-Machine Shared Control Support
One of the primary issues to be considered in any intelligent wheelchair is the user autonomy support, which fixes the type and degree of autonomy of the user for controlling the wheelchair. As the wheelchair will also make its own decisions, it is necessary to establish a control strategy between the user and the system (see [11] for a taxonomy). The most widespread mode for robotic wheelchairs is shared control, which focuses on combining the instructions of the operator with the robot's assessment of the environment. Although this mode has been widely used for wheelchairs (e.g., [12] - [19] ), its applicability to subjects with cognitive disabilities has not been explored to date. Among all possible shared control strategies, the final destination is chosen, where the user selects arbitrary local destinations and the wheelchair autonomously navigates to the desired locations. In other words, the user is responsible for the high level planning, either by selecting intermediate goals to reach a desired location, or by simply exploring the environment. The wheelchair autonomously navigates with safety among these intermediate goals, considering the low level control of the vehicle. This strategy minimizes the user input as suggested by recent studies [20] , and the machine deals with all aspects of navigation.
C. User Interface
Within the area of assistive robotic wheelchairs, much work has been accomplished in human-machine interfaces, as it is critical in determining the performance and acceptance of the device by the user [21] . For instance, there are tactile devices [17] , voice devices [22] , [23] , graphical interfaces [12] , [14] , [15] , [22] - [24] , joysticks [14] , [16] , [19] , [22] , gaze tracking or air expulsion [22] , brain computer interfaces [18] , [25] , facial gestures [26] , to name a few. However, very few works have addressed the usability for users with cognitive disabilities. For example, [27] has recently evaluated an interface for users with cognitive impairments, in the context of a robotic arm mounted on a wheelchair; virtual reality interfaces have been reported to be a valuable tool in brain damage rehabilitation [28] , and in the assessment of the driving skills of users with cognitive disabilities [29] , [30] . The use of virtual environment allows the comparison of alternative control methods under simulated repeatable conditions which is difficult in real applications.
1) Touchscreen as Input Device:
This study focuses on users who have the motion of one arm relatively intact and no visual impairments. A touchscreen is selected as it provides an integrated version of both the physical device (to interact with the machine) and the user display (Fig. 1) . Its advantage is the ease of usage and robustness, when compared to other interfaces such as voice recognizers [10] . The screen is located on the wheelchair table but displaced to the left-hand side (or right-hand side depending on the laterality of the user) in order to maintain the user's frontal view free/unobstructed.
To command the wheelchair, the user has to be able to select intermediate destinations and to stop it at any time by touching on the screen. Thus, the screen displays information on the vehicle's current assessment of the environment and also additional information required for command selection (Fig. 2) . Furthermore, based on this information, the user selects commands or options by directly touching the screen, following a given operation protocol.
2) Visual Display: Human factor studies on interfaces suggest that efficiency is highly linked to situation awareness, as the lack of awareness increases workload and errors [31] , [32] . In this case, the effect is even more pronounced because low situation awareness leads to comprehension problems (this was evident in the first visual display prototype [10] ). To ameliorate the situation awareness, sensor fusion [33] , [34] is used to create a 3-D real-time reconstruction of the environment [35] . More precisely, the visual interface shows a 3-D virtual world model constructed online, as would be seen from a virtual camera located approximately at the user's eyes. Furthermore, the user selects the commands directly on the 3-D model on the screen, avoiding the use of menu-based systems, in accordance with the results of [20] . The design of the visual display is based on previous experience with other representations for children with cognitive disbilities [10] , in which it was observed that 3-D abstractions of the scenario had to be built.
More precisely, the visual display is a reconstruction of the scenario and presents additional information to help the user select a command (Fig. 2) . The 3-D environment visualization is built from the 2-D map constructed in real time by the autonomous navigation technology (see next section). The use of an online map instead of a priori map increases the versatility of the application, as this strategy works on unknown scenarios and rapidly reflects changes in the environment, such as moving people or unpredictable obstacles, like tables and chairs. To assist the user's situation awareness, the wheelchair is co-located within the map and both items are displayed on the screen, originating from a virtual camera located beside the user's eyes. In other words, the visual information on the screen is a simplified reconstruction of the perception of the user. Although the following design might seem abstract, the users rapidly understood the mechanism and learnt to use it.
The rest of the displayed information helps the user select a command. Firstly, a set of destinations is defined, relative to the wheelchair, which are locations in the environment that the operator may select to reach with the wheelchair. The interface restricts the selection of possible intermediate goals to reachable empty space locations (Fig. 2) . These locations are represented on the display by an polar grid attached to the wheelchair. The intersections of the grid represent real locations in the scenario, and the grid dimension is customizable.
In the experiments, a 3 5 grid is used to represent locations at from the current wheelchair location. In addition, there are also specific available actions, represented by icons on the visual display. The first set of actions turn the wheelchair in place, to the right or to the left . Note that these commands are essential to navigation, as the interface only shows a partial view of the environment around the wheelchair. By turning the wheelchair, the user can achieve a 360 view of the environment and select goals that are currently outside the interface. The corresponding icons are located on the right-and left-hand sides of the wheelchair tetrahedron, and represented by a turning arrow in the respective directions. The second set of actions validates or cancels the previous selections. They are represented by familiar icons, located on the wheelchair. A yellow circle on the polar grid indicates the last selected goal, remaining active after confirmation until the vehicle reaches it. The icons on the lower part of the interface illuminate when used. Every element of the display can be customized in terms of color, shape, size, or location, according to the capabilities and preferences of the user.
The user selects the options by touching the screen. To facilitate this selection (especially under low precision arm control conditions), the visual display is divided into regions-not visible to the user-that encompass locations and buttons. A selection is made when the user touches the screen within one of these regions; an auditory signal confirms that the selection is processed.
3) Operation Protocol: It defines the way the user utilizes the options provided on the visual screen. A finite state machine models the behavior of the system [ Fig. 3(a) ]. Initially, the state is No goal set. When the user selects a command (either a destination or a turn), the state turns to Goal set. Then, the user validates the command with the green icon (state Moving), or rejects it with the red icon No goal set. The user may change the goal or start a turning behavior without halting the wheelchair (maintaining the Moving state), or stop the vehicle at any time (switching the state to No goal set). When the wheelchair reaches the final destination, the state changes to No goal set and the system waits for further commands. Fig. 3(b) shows an example of selecting one destination.
D. Navigation Technology
It is worthy to recall that the aim of this study is to develop an intelligent robotic wheelchair to provide independent mobility for people with cognitive and motor disabilities. The device should be able to operate in unknown and populated scenarios, giving the user total freedom, and avoiding restrictive operation constraints or predefined settings. Thus, the wheelchair concept does not establish predefined settings or makes assumptions about the working conditions. Although there are wheelchairs that provide navigation assistance (e.g., [13] - [16] , [19] , [26] , to name a few), they usually constrain the operational conditions. For example, some of them assume a priori knowledge about the scenario-e.g., internal maps, landmarks or characteristic places; motion in noncomplex scenarios-e.g., in confined spaces; or motion over precomputed or previously learned motions-e.g., precomputed paths. For this reason, this study starts by relying on advanced robotic technology in mobile robotics to address navigation, overcoming the previous assumptions [36] . This navigation system is able to deal with 1) very dynamic environments (people in motion) and 2) unknown scenarios (the location of the furniture, tables, chairs, rehabilitation devices, etc., are completely unpredictable during the day).
The task of the autonomous navigation system is to drive the vehicle to a given destination while avoiding obstacles, static and dynamic, detected by the laser sensor. The goal location is provided by the user by means of the user machine interface (previous subsection). As mentioned previously, the aim is to provide mobility skills even in situations where the user is moving in an unknown environment (which prevents predefined strategies), or when the environment varies with time, e.g., people in motion or changes in furniture locations. In order to implement such a complex navigation system, it is necessary to combine several functionalities. In particular, the navigation technology integrated the following modules.
1) The Model Builder: This module integrates the sensor measurements to construct a local model of the environment and track the vehicle location. A binary occupancy grid map is chosen to model the static obstacles and the free space, and a set of extended Kalman filters is chosen to track the moving objects around the robot. The technique described in [37] and [38] is applied to correct the robot position, update the map, and detect and track the moving objects around the robot. The static map travels centered on the robot. This map has a limited size, but sufficient to present the required information to the user, as described in the previous section, and to compute the path so as to reach the selected goal.
2) The Local Planner: The local planner computes the local motion based on the hybrid combination of tactical planning and reactive collision avoidance. An efficient dynamic navigation function ( planner [39] ) is used to compute the tactical information (i.e., main direction of motion) required to avoid cyclic motions and trap situations. This function is well suited for unknown and dynamic scenarios because it works based on the changes in the model computed by the model builder. The actual motion of the vehicle is computed using the ND technique [40] , which uses a "divide and conquer" strategy, based on situations and actions to simplify the collision avoidance problem. This technique has the distinct advantage that it is able to provide complex navigational tasks, such as maneuvering in the environment within constrained spaces (e.g., passage through a narrow door). In order to assist with comfortable and safe operation during navigation, the shape, kinematics, and dynamic constraints of the vehicle were incorporated using a technique adaptable for differentially-driven vehicles [36] . For further details regarding the modules, their inter-operation and synchronization issues, see [36] .
E. Participants
Recruitment for participation in the study began after the protocol was approved by both the University of Zaragoza Institutional Review Board and the Alborada Primary School, a school for children with cognitive disabilities in Zaragoza. Initially, the focus was on the incorporation of subjects with cerebral palsy and varied disability profiles (degree of motor impairment, cognitive skills, and sensorial disabilities) to explore the boundaries of the rehabilitative use of the powered wheelchair prototype. The selection of the participants was made by the research team (constituted of educators, a psychologist, and the rehabilitation engineers). The subjects evaluated for powered mobility were considered candidates for the study at the school. The inclusion criteria for the recruitment of subjects were 1) cerebral palsy diagnosis, 2) minimum general I.Q. and moderate mental retardation, given qualitative observations for DSM-IV 1 parameters, 3) experience in using conventional non-powered wheelchairs, 4) knowledge of Spanish (verbal), and 5) consistent motor access appropriate for the operation of the wheelchair through the interface described in Section II-F, and 6) ability to understand the proposed tasks.
All students who met criteria (1-5) were offered participation and five subjects agreed to participate in the study. In order to evaluate criterium (6), we carried out a training phase (see Section II-F) prior to the actual wheelchair trials. One of the subjects was unable to complete the training phase, failing criterium (6). Eventually, a total of four subjects (three males and one female) aged between 11-16 years of age completed the study. Table I provides a detailed description of the participants. All participants used standard nonelectric wheelchairs in their daily life, some of them semi-autonomously, and some with assistance.
None had ever utilized an electric wheelchair before. Subjects 1 and 2 are capable of driving a powered wheelchair but do not have the necessary funds to acquire the equipment. It is unclear if subjects 3 and 4 will be able to drive an standard wheelchair. All participants and their parents provided informed consent to take part in the study. To comply with ethical issues, responsibility, reflection, and transparency were maintained during the conduction of the entire protocol, from previously described selection of participants to the study design and evaluation procedures [41] .
F. Experiment Design and Procedures
The study was carried out in two phases, a training phase and an evaluation phase. The training phase comprised of training each subject in the use of the navigation interface, by means of a simulator game. This game emulated the underlying mechanisms of user interface and wheelchair navigation. With this process, the subjects learned to use the interface, which can be customized to augment the adaptability of the system to the user. The experimentation phase consisted of the user navigating along an established circuit. Various data were collected for posterior evaluation and assessment. After the sessions, the subjects were interviewed by the educators (who also took the role of assistants during the test) to know their opinions about the wheelchair system and the navigation for a posterior qualitative assessment of their experiences.
1) Training Sessions:
The sessions took place in the computer room at the Alborada school. For this phase, a 3-D graphics game environment was developed on a computer workstation, simulating a virtual scenario, the main characteristics of the user machine interface, and the wheelchair control. The respondents were required to accomplish simple navigational tasks within the virtual environment. These tasks involved catching several target characters positioned in various places within the space of the virtual environment. The games introduced music and popular characters as motivation factors to make the task attractive and to encourage and reinforce the learning procedure. The gaming environment was developed to fulfill the following objectives: 1) to motivate the subjects to participate in the field trials, 2) to train the subjects to interact with the touchscreen, to familiarize with the rules of the interface dialog, and to understand the interface and its relation with the wheelchair motion, 3) to identify user interface requirements that suit their understanding, and 4) to record the attempts made by the subjects in order to personalize the touchscreen. The training took place in a single session per subject. The duration of this session varied from 45 to 60 min depending on the user. The training was carried out by the school therapists and engineers in integration with the usual activities in the school so as not to modify the routine.
2) Field Sessions: The evaluation sessions lasted one week and took place at the school, one week after the training sessions. In this phase, a circuit was designed in the school and the participants were asked to follow it by autonomously using the intelligent wheelchair (Fig. 4) . Each subject was positioned in the wheelchair by the therapists of the school. After a few minutes habituation to the wheelchair, the circuit was verbally Fig. 4 . Circuit followed by the children during the field trials. As the normal school operation was not modified, for the real trials there were furniture, rehabilitation devices, and people (educators and students) moving around the school.
described to the subjects, who attempted to follow it. They were asked to follow the long corridor, pass in front of the computer room and the stairs, and return to the initial location. The environment was known to the subjects.
Each subject repeated the circuit only one time during the school regular working hours, without modifying normal operation. The children's main task was to select through the interface the appropriate intermediate goals to follow the previously described global circuit. The circuit was also executed using the same protocol by one of the engineers to serve as reference and was marked as control in the results.
All trials were video recorded, as well as all data used by the wheelchair (odometry readings, laser scans, touch screen pulsations, etc.). After each trial, the participants were interviewed by the educators in order to know their opinions about the system, the interface, and to evaluate the quality of the experience. All this data are the basis of the evaluation and used to obtain the results described in the next section.
G. Evaluation Metrics
One of the objectives of this paper was to provide a quantitative evaluation of the system based on the experience with the real users. This is important not only to analyze the performance of the proposed wheelchair, but also to allow comparison with further developments and other systems. The evaluation was based on two sets of metrics: the first was related to the wheelchair evaluation as a mobility device, while the second studied the behavior of the users while using the device. Some of these metrics were incorporated from literature; others, especially those related to the behavior evaluation of the user, are innovative and are expected to constitute the first step towards a systematic evaluation of this type of systems.
1) Wheelchair Performance Metrics: Some metrics were proposed to evaluate the performance of intelligent wheelchairs [42] - [44] . Based on these metrics, three groups of metrics were established for this study.
Overall performance
• Task success: completion of the navigation task, i.e., the circuit. The presence of incidents such as collisions during the task was tolerated. A noncompleted task was considered a failure due to, for instance, user desertion, wheelchair misoperation, or failure to reach the final destination.
• Path length: Distance traveled to accomplish the task.
• Time: time Taken to accomplish the task.
• Collisions: Number of collisions during the task. A collision is not considered a failure as long as the system is able to continue with a new command, or requires a brief intervention from the supervisor. • Mean velocity: Mean velocity during motion (in the moving state of Fig. 3 ).
User interface performance
• Usability rate: Number of pulsations per mission. A pulsation is the detection of a touch. A mission is a confirmed intermediate goal or a turn command. • Command utility: Command usage frequency.
• Device errors: Failures in the detection of input.
Navigation performance
• Mission success: Number of successful missions.
• Collisions: Number of collisions per mission, per distance and per period of time.
• Obstacle clearance: Minimum and mean distance to the obstacles.
• Robustness in narrow spaces: Number of narrow passages successfully traversed.
2) User Behavior Metrics:
User behavior metrics for this type of application are rarely documented in literature. Three different but complementary points of view were focused: an execution analysis (to give insights on what the users did and their performance), an activity analysis (related to how the subjects performed the task), and a competence analysis (to give insight on what are the aptitudes and skills achieved when using the device). Together, these three studies give a measure of the degree of accomplishment and adaptability of the wheelchair to the subjects.
Execution Analysis: To measure the degree of accomplishment of the navigational task. The following metrics were proposed: 1) number of missions, 2) path length, 3) period of time taken, 4) number of collisions, and 5) number of narrow passages.
Activity Analysis: The activity analysis addresses the interaction strategy of the users with the wheelchair, in order to achieve the navigational task. Accordingly to [45] , there are two types of activity that apply to this context: the supervisory oriented activity, and the direct control oriented activity. The supervisory oriented activity is defined by the lesser amount of intervention and a selection of goals that exploits the automation facilities, mainly the trajectory planning and obstacle avoidance. This mode is characterized by a higher number of pulsations towards far goal destinations, a lower number of stop, left or right arrow pulsations, and a lower number of missions. The direct control activity is characterized by an increased user intervention and less confidence in the navigation capabilities of the system. This mode is operatively described by a higher number of pulsations on the arrow icons (to orient the wheelchair), more frequent stop pulsations (to abort a trajectory), near range goal selections, and a higher number of missions.
Next, four metrics to discriminate between both interaction modalities are proposed.
• Activity discriminant: measures the ratio between destination pulsations and the number of selections (denoted by ) and the ratio between far destinations minus arrow selections and the number of selections (denoted by ).
• Number of missions.
• Supervisor activity descriptor: measures the ratio between far destination pulsations and the total number of selections (denoted by ).
• Control activity descriptor: measures the ratio between missions aborted (pulsations on the stop icon) plus arrow pulsations, and the total number of selections (denoted by ). Competence Analysis: A categorization of the subject competence was developed based on the feedback given by the subjects, teachers, and therapists (analysis based on the video recordings of the experimentation sessions and interviews). A protocol was defined for scores based on the operational and functional goals. An operational goal refers to the ease in which the subject uses the tactile screen. The functional goal refers to the ease in which the subject undergoes navigation during the experiments to reach the specified destination. The scores were tabulated in Table II .
III. RESULTS AND EVALUATION
The overall result of the experiments showed that all subjects with cerebral palsy were able to carry out the navigation mission along the circuit. On the basis of these experiments, the results are analyzed and discussed in this section, according to the metrics defined in Section II-G-1. The performance of the intelligent wheelchair is discussed first, and then the behavior of the users to evaluate their adaptability to the rehabilitation device.
A. Intelligent Wheelchair Performance Evaluation
This section describes a general evaluation of the intelligent wheelchair and a particular evaluation of the two main systems: the human-machine interface (HMI) and the navigation technology. Fig. 5 . Snapshots of the experimentation sessions at Alborada school. The trials were carried out during normal school working hours, making the scenario dynamic and unpredictable (there were students in motion, rehabilitation devices, furniture, etc.).
TABLE IV USER INTERFACE PERFORMANCE
1) Overall Performance:
All subjects succeeded to navigate autonomously along the circuit (main task), which was a good indicator of the device utility. The results of the corresponding metrics are summarized in Table III . The path length and the execution time were very similar for all subjects, indicating a similar performance among them. The mean velocity of the wheelchair was 0.13 m/s. This is reasonable, given that the maximum speed was limited to 0.3 m/sec for safety reasons, and that the wheelchair traversed narrow passages and stopped to avoid moving people. There were six collisions in all the experiments that required the intervention of the supervisor to select a command to free or unblock the wheelchair. Three of them were due to failures in the system, while three were due to the sensory capabilities of the robot. In the latter case, the robot collided with obstacles that were lower than the height of the laser, located 0.75 m above the ground. These results are very satisfactory as the experiments were carried out in working hours of the school and the scenario (Fig. 5) was not modified, which added a realistic but challenging difficulty component to the device since the scenario was very dynamic and in constant evolution.
2) User Interface Performance: Table IV summarizes the results of the user interface performance metrics. In general, the user interface performed well and all subjects were able to carry out the navigation task. Regarding the usability rate, in theory, with 2 or 3 pulsations (depending on whether the user stops the vehicle manually) it is possible to set a navigation mission. The real observed rate was 4.5 strokes per mission, as the mean of missions per experiment was 31.7, resulting in a mean of 142.75 strokes to accomplish the main navigational task. This rate is acceptable as during the experiments there were many situations that increased the number of pulsations and missions. For example, the subjects used the arrows to orientate the vehicle instead of directly selecting a goal (which increased the number of missions), or they stopped the vehicle to change the goal when the trajectory was not the expected one. Furthermore, sometimes the subjects selected a goal, and before validating it, decided to select another goal (increasing the number of pulsations per mission). In addition, some children have a lower finger control and the pulsations were not accurate, producing multiple responses (see below).
The command utility was greater than zero for all subjects and commands, indicating that they used all the functionalities of the screen (no useless or extra commands were observed). The frequency of usage depended highly on the driving style, which will be analyzed in Section III-B. The errors in the user interface arose when the pulsations of the subjects were weak or when the finger slipped on the screen. In the first case, the stroke was not acquired, and in a very short period of time the stroke was repeated. In the second case, the consequence was an incorrect goal location. When the subjects perceived the situation they usually halted the vehicle. These errors are difficult to detect automatically, and were documented by visual inspection of the videos recorded during the experiments, preventing the provision of an automated quantitative evaluation.
3) Navigation Performance: In general, the performance of the navigation system was remarkable taking into account the difficulty imposed by the scenario. The experiments were carried out in a real scenario (a school) without modifying the environment or the daily activity. This includes the movement of people around the wheelchair and many situations with constrained space to maneuver, such as doorways or narrow passages around furniture or people (see Fig. 5 ). Table V shows the data for the navigation performance metrics. The system carried out 149 short-term missions, traveling a total of 343.7 m with a mean velocity of 0.13 m/s (10 times less than the usual human walking speed). There were three collisions due to failures of the system; thus, the mission success was 97.98%. Regarding the collision rates, there was a mean of 0.004 collisions per mission (1 collision every 50 missions), 0.86 collisions per 100 m (1 collision every 115 m), and 0.025 collisions every 60 s (1 collision every 40 min). In general, these are very low collision rates when considering a realistic application.
One of the main difficulties of current navigational systems is to avoid obstacles with safe margins and to drive the vehicle around obstacles in close proximity [36] . The minimum clearance and clearance means were 0.77 and 2.33 m, which indicates that the vehicle carried out obstacle avoidance with good safety margins. The wheelchair was able to perform navigation in troublesome situations. For example, the mean of the narrower passage was 0.98 m, which is very tight for the vehicle (the robot Finally, the integration between the previous systems is another issue for discussion. A typical metric used in this context is the integration delay [43] , which is the time delay between the selection of an order in the user interface and its execution by the autonomous navigation system. This delay affects the awareness of the user about the state of the system. In this wheelchair, the integration was carried out so that the delay was confined to between zero and 0.2 s (inner control loop period), the delay being is very small and therefore not confusing the subjects.
B. Users' Behavior Evaluation 1) Execution Analysis:
The results for the execution analysis metrics are summarized in Table VI. The number of missions is the number of short-term missions needed to execute a complete navigational task. Subject I needed less missions than the other subjects, showing an efficient mission selection. Another predictor for the individuals subject navigation performance is the distance traveled. However, in this case this parameter is not as significant due to the small variability induced by the circuit (see Fig. 4 ). The execution times per subject provided very interesting results (see Table VI ).
Subjects I, II, and III took comparatively less time than Subject IV. The time in motion was very similar for all subjects and the main difference was the time during which the wheelchair was not in motion, , (when the user was selecting the next goal). Again Subject IV took more time than the others. Both observations can be understood based on the fact that Subject IV has a higher degree of cognitive disability, thereby taking more time to decide and accomplish a task.
The differences in the number of collisions among the different subjects is another measure of the navigation performance and of the cognitive abilities and adaptability for each individual. Subjects I and II had zero collisions and displayed better navigation abilities than the other participants. This can also be correlated with the number of narrow passages encountered. Subjects I and II faced less number of narrow passages, probably due to a more efficient goal selection on the user machine interface.
Based on the previous parameters, it was possible to draw assumptions about the degree of adaptability of the system for the different subjects. The ease in which Subjects I, II, and III performed the task reflected a great adaptability to the device (autonomous wheelchair). The data (number of collisions, time during which the wheelchair was in motion and the time in which it was not) suggested that Subject IV had more difficulties in navigation, hence his interaction with the wheelchair may have been a result of a higher degree of cognitive impairment.
2) Activity Analysis: Table VII summarizes the results of the execution metrics. The activity discriminants and , as well as the number of missions, are general metrics to differentiate between activity modes. The supervisory activity is characterized by a greater and , and by a lower number of missions. The opposite is true for the control-oriented activity. Furthermore, the supervisory and control activity descriptors measure, respectively, the level of supervisory or control orientation required by the user.
From the tabular data it was evident that Subject I showed a higher tendency towards supervised activity. This can be understood in terms of higher values of , , lower number of missions, and a high . Subject IV had a tendency towards control activity, since he had the lowest values of , , the maximum number of missions, and a low value of . A gradual shift from supervisory activity to control activity was observed in Subjects II and III.
Subjects I and II, who showed a supervisory oriented activity, also showed a better navigation performance, according to the metrics of the execution analysis (see Table VI ). Subjects III and IV showed different levels of intervention in the wheelchair control; in general, they were less inclined to let the wheelchair reach the intermediate goals, which led to the lowest execution performance (see Table VI ). This indicates that a supervisory-oriented activity explores the facilities of the system best for autonomous navigation, resulting in a more efficient performance.
Based on the previous analysis, the above metrics gave an indication on the level of system awareness and on the mental model development between the two modes of activity for subjects with different profiles of cognitive disability. The adherence towards control activity in Subject IV, in terms of the dif- ficulty to create a mental model, seems to be the a result of his greater cognitive impairment. The other subjects with comparatively higher cognitive capabilities showed more effective mental models and an interaction mode closer to a supervisory role.
3) Competence Analysis: The scores defined in Table II were used as the basis for a competence assessment. Table VIII shows the scores for functional goal attainment, operational goal attainment, and subjective assessment. The evaluation is based on the feedback of teachers, parents, and therapists, as well as on the interviews with the subjects during and after the experiment sessions.
From the functional goal attainment perspective, Subjects I, II, and III showed similar performance scores [2/3] . The improvement in the initial score of 2 to the final functional goal score of 3 indicated a learning behavior during the navigational task. The subjects were able to drive the wheelchair to the specified destination with ease, requiring occasional supervision. Subject IV sought continual supervision but eventually was successful in accomplishing the navigational task. From the operational goal point of view, all subjects were able to choose goal locations with ease and to operate the tactile screen to drive the wheelchair; however, Subject IV needed more training and continual supervision as was evident from his low score [1/2] . Based on the subjective feedback given to teachers and therapists, it was concluded that all subjects showed keen interest in driving the wheelchair using the tactile screen and were enthusiastic about avoiding obstacles, anticipating turns, and finally reaching the destination.
IV. CONCLUSION
An intelligent robotic wheelchair adapted for subjects with cognitive disabilities due to Cerebral palsy was presented. The results of the field study suggested that, after a short training phase, the subjects were able to drive this type of system, even in situations where navigation was difficult. The key of the success of the system was the design and combination of state of the art navigation technologies and user interfaces engineering. The navigation technologies provided safe and reliable navigation capabilities even in unknown and dynamic scenarios, while user interface allowed the children to intuitively interact with the wheelchair.
Based on qualitative and quantitative measures recorded during the field trials, a technical evaluation was carried out, on the performance of the system and the on the behavior of the subjects. The results gave indications on the mental model created by the subjects, pointed out a weakness in the design (in terms of usability), and provided valuable feedback to improve the design based on the personal needs and preferences of the subjects. The authors are well aware of the fact that the number of subjects in the study is small; however, the consistent behavior of both the system and users with different degrees of cognitive disabilities provides strong evidence that they are able to drive the vehicle to specified destinations by appropriately selecting target locations, to perform complex maneuverability tasks, and to understand the system. Furthermore, their performance in terms of total time and distance, or number of commands, was in the same order of magnitude as the control subject.
In summary, this autonomous navigation based wheelchair system shows prospects for a wide range of rehabilitation benefits for users with cognitive disabilities, and in particular, for users with cerebral palsy. In addition to more extensive tests, the authors are currently working on the improvement of design and training procedures, to create a better mental model of the vehicle, and on the incorporation of adaptive strategies to modify the interface during the operation.
